SUMMARY Modification of soleus and anterior tibial anterior horn cell excitability following ipsilateral and contralateral stimulations of the sural nerve was studied by either the H reflex (for the soleus and anterior tibial muscles) or the F response (for the anterior tibial muscles). Several intensities of stimulation were employed. In every instance the recovery curves showed two distinct peaks of facilitation, which appeared with the same delay in muscles with antagonist functions. Also, reciprocal facilitation and inhibition phenomena which occurred after a 25 ms delay and which lasted more than 1000 ms were observed. 
In man, the role of exteroceptive afferents in motor control has been analysed by various methods. The first has consisted of testing, in the absence of voluntary contraction, motoneurone excitability by means of its monosynaptic reflex and of studying the recovery curves following electrical stimulation of a sensory nerve. The soleus Hoffman reflex particularly has been used as it is considered a good measure of motoneurone excitability.' 2 The second technique has employed elici'tation of flexor reflexes.3 4 The third has consisted of a study of the changes in voluntary activity following graduated stimulation of sensory nerves. [5] [6] [7] [8] Despite these earlier investigations, a number of questions remain unanswered. Even limiting consideration to exc'itability curves, there are differences not only in the techniques used but also in the results obtained. With the exception of Hugon9 no investigators have systematically studied the effects produced both by low intensity (non-painful) and high intensity (painful stimuli). The spinal afferents activated in these two conditions are different because electrical stimulation recruits fibres of different calibre which transmit impulses at different velocities. In some cases, experimental findings concern only very brief intervals'0 or are derived from very restricted regions of the body, for example, a single motor nucleus or stimulation of an isolated sensory nerve. Systematic study of two motor nuclei with antagonistic function has not so far been undertaken. For all these reasons, it remains difficult to define clearly in man the functional role of exteroceptlve afferents in motor control, and to understand the physiological mechanisms which are involved following stimulation of a sensory nerve. The results of most earlier studies performed in man have been interpreted by mechanisms utilising polysynaptic spinal circuits.9 11 New experimental findings indicate that proprioceptive afferents can modulate motor excitability through suprasegmental, cortical or sub-cortical, circuits.12 '16 The latency of the effects observed after exteroceptive stimulation raises the question of the role of supraspinal structures in their genesis, in terms of the long loop concept.
In the present work, we have investigated the excitability of the antagonistic soleus and tibialis anterior motor nuclei following electrical stimulation of the purely sensory sural nerve. The excitability of the soleus and tibialis anterior motoneurone pool were tested by means of the Hoffmann (H) reflex. The H reflex is inconstant for the tibialis anterior; when it could not be elicited, the F response was used.'7 18 Three intensities of stimulation were systematically employed: a threshold stimulus, a stimulus giving rise to a sensation of touch, and a painful stimulus. We have studied the changes induced during one second after the conditioning stimulus by exploring a large number of intermediate delays. Finally, we have compared the effects of identical stimuli applied to the ipsilateral and contralateral sural nerves respectively.
Subjects and methods
Twenty-five volunteer subjects of both sexes, aged between 14 and 30 years (average 22), free from any neurological disorder, were studied-some of them several times. The height of the subjects was measured; they were seated in an examination chair specially adapted for reflex testing of the flexed lower limbs, with the foot fixed in a special holder. The lower leg made an angle of l0-120°with the thigh and 1200 with the foot. The slightly extended head rested on a headrest, with the eyes open. The subjects were in a room maintained at constant temperature and with low lighting; examinations were carried out in silence. Electrical activity in the soleus muscle was recorded by skin electrodes fixed in the midline of the calf 100 and 11-5 cm above the calcaneum. For the tibialis anterior, the electrodes were fixed over the motor point and a point 2-0 cm below respectively. Potentials were amplified by a plug-in Tektronix 3A9, then visualised on the screen of a Tektronix 565 oscilloscope. Potentials were measured peak-to-peak by a Tektronix 230 Digital Unit and numerical values were transcribed by a Hewlett Packard printer. Stimulation was by a Grass S88 through constant current isolation units.
The soleus Hoffmann reflex was elicited by a 1 ms shock applied to the posterior tibial nerve in the popliteal fossa, observing the precautions described in Desmedt.19 Reflex contraction took place under isotonic conditions. The value H max/2 was taken as test. The monosynaptic reflex in the tibialis anterior was elicited only in seven subjects by inframaximal stimulation of the peroneal nerve at the head of the fibula (1 ms shock). The evoked response was always of small amplitude (on average 100 ,uV), and the ratio H max/M Max also was small. When expressed as a percentage of control values, facilitations of amplitude reached high values because the reference levels were low. When the H reflex of the tibialis anterior could P J Delwaide, P Crenna, and M H Fleron not be elicited, 'the F response was evoked by a supramaximal shock applied to the same site.
The sural nerve was stimulated at the level of the external malleolus by Disa cutaneous electrodes l10 cm apart, ipsilateral or contralateral to the lower limb in which the H or F responses were elicited. Placements were sought which elicited a sensation of touch on the outer border of the foot at the lowest intensities of stimulation. Unless otherwise stated, stimulation consisted of a train of seven 1-ms shocks at 300 Hz. In some experiments, the number of shocks varied between one and 12. The stimulus intensity which elicited a feeble but perceptible tactile sensation was regarded as threshold. Subsequently, the intensity was increased until a clearly tactile sensation was evoked; this usually was two or three times the threshold value. Finally, stimuli evoking frank pain were applied; they were generally above three times the threshold. Sural stimuli were repeated in random fashion over 7 peaks of facilitation which we will call F(a) and F(b).
Changes in the intensity of stimulation Figure 2 (A, B, C) illustrates the influence of an increase in the intensity of sural stimulation in a single subject. In A, the stimulus intensity was just above sensation threhold. The effects observed were weak, and amplitude changes did not exceed 10%. However, two periods of facilitation were distinguished, corresponding in time to F(a) and With similar intensities of stimulation, on several occasions in the same subject, moderate variations in the excitability curves were observed. On the other hand, in different subjects the differences were more marked. These differences were mainly in intensity; sometimes in latency and duration of the phases of facilitation when the stimulus intensity was at tactile level, and in intensity and duration of inhibition when the stimulus was painful. Thus in some subjects the facilitation shown in fig 2C did not appear, and there was merely a disinhibition of the conditioned reflex at latencies corresponding to F(a) and F(b). When the intensity of stimulation was just above threshold, it was never possible to observe a single peak of facilitation; the two peaks always appeared together.
Following tactile stimulation, F(a) reached its maximum after an average of 81 with SD of +7.2 ms and showed a mean facilitation of 138 (SD+I=22%) (29 curves). When the stimulus was painful, the peak latency of F(a), supervening on a background of inhibition, was reduced to 70 (SD48-2 ms), but the facilitation had practically disappeared (102% of control). In the same 29 curves, following stimulation at tactile intensity, F(b) reached its maximal amplitude (133.5+19%) after 148+17 ms. When stimulation was of painful intensity, the peak latency of F(b) was at 140-+15 ms and the facilitation at 124+21. Under any conditions of stimulation, the duration of F(a) (mean 52*7i5.2 ms) was shorter than that of F(b) (125+1=19 ms). We were unable to establish any correlation between the height of the subjects and the variations in latency of the F(a) and F(b) peaks.
Stimulus duration
The number of shocks applied to the sural nerve was varied and curves drawn for the same subjects following 1, 2, 7 and 12 conditioning shocks of 1 ms (frequency of 300 Hz). The intensity of a single shock, eventually repeated in a train, was fixed at 2Xtactile threshold. Increase in the number of shocks changed the sensation of touch, which became painful with 12 shocks. An increase in the number of conditioning shocks gave rise to an increase in the initial inhibition and its earlier appearance. On the other hand, the F(a) phase began at the same latency while the F(b) phase was of shorter duration; however, the peak appeared at the same latency. This reduction in the duration of F(b) was related to an increase in the inhibitory phase which appeared between the two phases of facilitation. Figure 3 (taken from the same subject as fig 2) Confining our consideration to the excitability curves for the soleus, it may be thought that there are not in fact two separate facilitations depending on two different mechanisms, but a single facilitation interrupted by activation of the antagonist motoneurone pool according to the established rules of reciprocal innervation. But if excitability changes in the motoneurone pools of both soleus and tibialis anterior are considered together (compare figs 2 and 4, and 3 and 6, and the table) it can be seen that the facilitations are strictly synchronous with one another, as are the lower amplitude events between the peaks. Such results make it possible to exclude the possibility of a single phase of facilitation interrupted by the activation of an antagonist motoneurone pool. Despite earlier investigations on the influence of sural stimulation on the excitability of the soleus motoneurone pool, biphasic facilitation has not been reported as a systematic phenomenon, though it has been incidentally mentioned by Gassel and Ott. 11 The effects of ipsilateral sural stimulation on the soleus H reflex have been investigated by Bathien and Hugon,20 Hugon,9 Gassel, Gassel and Ott," and Castaigne et al;21 Hugon9 also studied the effects of contralateral stimulation. The results reported by these various authors are not all in agreement. Bathien and Hugon20 observed monophasic curves for both the Hoffmann and tendon reflexes exhibiting a strongly marked inhibition, maximal 100 ms after ipsilateral non-painful stimulation. Hugon9 described the same inhibitory phenomenon following painful stimulation, while reporting facilitation after non-painful stimulation. On painful stimulation of the contralateral sural nerve, the same author observed facilitation at 200 ms; he did not observe two distinct peaks of facilitation although he took into consideration the influence of the intensity of the conditioning stimulus. Gassel and Ott" studied recovery curves of the soleus tendon reflex following cutaneous stimuli applied respectively to the dorsal and plantar surfaces of the ipsilateral foot. They described two changes in excitability: one early, between 40 and 90 ms, the other later between 110 and 250 ms. The first phase indicates either facilitation or inhibition, according to the site of cutaneous stimulation. Unlike Hugon, these authors did not systematically explore variations in the intensity of stimulation.
II Contralateral stimulation
Gassel et a121 described intense inhibition of the ipsilateral H reflex, maximal at 70 ms and disappearing at about 100 ms, following painful stimulation of the little toe. The influence of sural stimulation on the tibialis anterior motoneurone pool has not been described hitherto, although Hugon9 studied the effects on the short head of biceps.
The demonstration of the two peaks F(a) and F(b) of facilitation in our study is doubtless related to the technical conditions employed, which involved the investigation of excitability by repeated tests at very brief intervals, sometimes less than 10 ms; the existence of these two peaks is an unexpected phenomenon. However, certain comparisons can be made with these results. It is well known that in man motor activity elicited by exteroceptive stimulation exhibits two distinct phases, in the case of lower limb flexion reflexes,4 of the short biceps reflex,9 upper limb flexion reflexes22 and modulation of flexor EMG.8 The appearance of activity simultaneously in antagonistic muscles such as tibialis anterior and soleus does not appear to obey the classical rules of reciprocal innervation. However, our results also demonstrate the existence of reciprocal innervation. This appears when consideration is given to the curves obtained after ipsilateral painful stimulation. In that particular situation, a background of inhibition of the soleus H reflex is observed (fig 2'C) ; it begins early, after 20 ms, and lasts more than a second. In the tibialis anterior motoneurone pool, the same stimulus, instead of causing an inhibition, evokes a slight facilitation which appears after a short latency (fig 4B) . Thus 
